Regulated fusion of biological membranes is triggered by signals, such as an increase in Ca 2+ concentration in the case of neurotransmitter release or a pH change in the case of enveloped virus fusion 1,2 . In neurons, SNARE (SNAP receptor, where SNAP is defined as soluble NSF attachment protein and NSF as N-ethylmaleimide-sensitive factor) complexes consisting of syntaxin, SNAP-25 and synaptobrevin, in conjunction with other factors, catalyze Ca 2+ -triggered fusion of synaptic vesicles within 1 ms of Ca 2+ influx 1,3 . Zippering of the SNARE complex brings membranes together and provides energy for fusion of membrane compartments in eukaryotic cells 1 . In neurons, this process is tightly regulated by Ca 2+ concentration, yet SNARE complex assembly does not show any Ca 2+ sensitivity. Thus, other factors are responsible for Ca 2+ sensing, coordination of SNARE complex assembly and triggering of membrane fusion. In particular, synaptotagmin 1 (Syt1) is the primary Ca 2+ sensor for fast synchronous neurotransmitter release 4 . Synaptotagmins are comprised of a short intralumenal or extracellular sequence, a single transmembrane helix, a linker and two Ca 2+ -binding domains termed C2A and C2B. Interactions of Syt1 with both lipid membrane and the SNARE complex are physiologically important 4,5 , yet the molecular mechanism by which they link Ca 2+ influx to synaptic vesicle fusion is unknown. In vitro, SNAREs alone promote slow, Ca 2+ -independent lipid mixing and fusion 6 , whereas synaptogmins alone, in the presence of Ca 2+ , bind anionic lipids 7-9 , modify membrane curvature 10 and promote membrane juxtaposition without fusion 11 . When combined, SNARE proteins and synaptotagmin enhance lipid mixing 12,13 , but the high physiological sensitivity of the system to Ca 2+ concentration has not yet been reproduced in vitro.
a r t i c l e s Ca 2+ , thus providing only limited information. Elucidation of the Ca 2+ -triggering mechanism requires a spatial and dynamic understanding of synaptotagmin conformations in isolation and upon Ca 2+ and SNARE-complex binding.
Here we characterized the interaction between SNARE complex and Syt3 by a combination of single-molecule fluorescence microscopy and X-ray crystallography. C2A and C2B of Syt3 undergo large relative motions in solution. The interaction with SNARE complex greatly enhances a particular conformation of Syt3. This conformation matches that of the first SNARE-induced Ca 2+ -bound structure of a synaptotagmin containing both C2 domains that we obtained by X-ray crystallography. The induction of this Ca 2+ -bound conformation of Syt3 by the SNARE complex occurs even independently of Ca 2+ , but it is enhanced in the presence of Ca 2+ . We found similar effects for Syt1 (ref. 18) , suggesting a conserved molecular mechanism among synaptotagmins. Notably, the spatial arrangement of the Ca 2+ -binding loops in the Ca 2+ -bound conformation of Syt3 resembles that of membrane-interacting loops of certain viral fusion proteins in their postfusion state 21, 22 . Thus, both fusion systems have two similar membrane-interacting elements: transmembrane helical bundles and membrane-interacting loops. Based on the similarity to viral fusion systems and the conservation of the SNARE-induced changes in synaptotagmin dynamics and conformation, we propose a general model for the SNARE-synaptotagmin fusion 'machine'.
RESULTS

Structure of the SNARE-induced Ca 2+ -bound Syt3
We determined the first crystal structure of a SNARE-induced Ca 2+ -bound conformation of any synaptotagmin containing both Ca 2+ -binding C2 domains (C2AB of Syt3, Fig. 1a and Table 1 ). Crystallization of this conformation required the presence of SNARE complex. Although there is no well-defined electron density for SNAREs in the crystal structure, the presence of the SNARE complex may have catalyzed this particular conformation, a notion that is supported by single-molecule experiments discussed below. The structure reveals a previously unseen arrangement of the C2A and C2B domains. The short linker between the C2A and C2B domains adopts a hairpin conformation, allowing the two domains to position the Ca 2+ -binding loops on the same face of the molecule (Fig. 1a,b and Supplementary  Fig. 3a) . The Ca 2+ -binding loops are both surface exposed, protruding from the two C2 domains, and they can therefore insert simultaneously into the same membrane. The linker between the C2 domains is folded such that a positively charged lysine residue (Fig. 1b) could also interact with anionic lipid headgroups of the same membrane as that with which the Ca 2+ -binding loops interact. In the C2A domain, three Ca 2+ ions are bound to the Ca1, Ca2 and Ca3 sites, whereas the Ca4 site is unoccupied (Supplementary Fig. 3c,d and Supplementary Methods). The Syt3 C2B domain contains two Ca 2+ ions in the Ca1 and Ca2 positions as well as a third Ca 2+ ion at lower occupancy in the Ca4 position (Supplementary Fig. 3c,d and Supplementary Methods). Thus, depending on Ca 2+ concentration or the presence of coordinating lipids, Syt3 can bind five or six Ca 2+ ions. The positively charged patch identified in Syt1 (Arg398 and Arg399 (ref. 11); equivalent residues in Syt3 are Arg556 and Lys557) is surface exposed and available for other interactions (Fig. 1b) .
The interface between the C2 domains of the SNARE-induced Ca 2+ -bound structure of Syt3 is extensive. The size of the buried surface area at the C2A-C2B interface (775 Å 2 per monomer) is similar to those of certain antibody-antigen complexes or to other protein complexes of similar size (Supplementary Table 1 ). The interface also has a shape complementarity and number of hydrogen bonds similar to those of other protein complexes. In addition, the asymmetric unit contains three independent molecules of Syt3 C2AB domains with different crystal packing contacts, yet they all adopt the same conformation. The three independent C2AB molecules form relatively small crystal contacts with themselves and other molecules in the crystal, producing large solvent channels with an unusually high solvent content of 84% ( Supplementary  Fig. 4 ). Taken together, these data suggest that the observed conformation of the C2 domains of SNARE-induced Ca 2+ -bound Syt3 is unlikely to be affected by crystal packing. 
a r t i c l e s
Superposition of the SNARE-induced Ca 2+ -bound structure of Syt3 with the previously determined Ca 2+ -free structure 20 reveals large rigid-body displacements of the C2A and C2B domains and a consequent change in the position of the Ca 2+ -binding loops (Fig. 1c) . Relative to the Ca 2+ -free conformation, the SNARE-induced Ca 2+ -bound conformation has an interface between C2 domains that is more than twice as large (Supplementary Table 1) . Notably, the highly conserved WHXL motif, proposed to regulate synaptotagmin endocytosis 23 , is buried at this interface, whereas it is exposed in the Ca 2+ -free Syt3 structure.
Similarity to viral fusion proteins
We noticed a striking analogy in position and structural arrangement of the Ca 2+ -binding loops in the SNARE-induced Ca 2+ -bound Syt3 structure and the fusion loops of the glycoprotein E1 of Semliki Forest virus in their low-pH, postfusion state 21 (Fig. 2a,b) . The separation between Ca 2+ -binding loops in the SNARE-induced Ca 2+ -bound Syt3 structure (~35-40 Å) is similar to that between two of the three viral fusion loops. A similar separation is also observed for the membraneinteracting loops of the VP5 domain of spike protein VP4 of the nonenveloped rotavirus 22 (Fig. 2c) . Structural similarities of the fusion loops from the Semliki Forest virus glycoprotein E1 and membraneinteracting loops of rotavirus VP5 domain in their activated states are shown in Figure 2d . Analogous to the Ca 2+ -binding loops of synaptotagmins, viral fusion loops are conserved within their respective families, and mutations in the loops shift the threshold of the fusion trigger 24 or affect membrane permeability 25 . Viral fusion loops are thought to act in concert with transmembrane helices to trigger fusion upon activation (enveloped virus, low pH; rotavirus, trypsin cleavage; see Fig. 5 of ref. 21.) . Based on this analogy, we hypothesize that the Ca 2+ -SNARE-synaptotagmin complex couples the action of the SNARE transmembrane helices and the synaptotagmin Ca 2+ -binding loops to catalyze Ca 2+ -triggered exocytosis.
Conformational dynamics of Syt3
Syt3-SNARE complex interactions are affected by Ca 2+ and ionic strength (Supplementary Fig. 1 ) in a manner analogous to that of Syt1-SNARE interactions 17 . To test the hypothesis that coupling between SNARE complex and synaptotagmin goes beyond a simple rigid-body interaction, we wanted to probe whether SNARE complex binding has an effect on synaptotagmin dynamics. Conventional ensemble methods are unsuited for this purpose because synaptotagmin shows significant conformational variability, and observed averages could mask important effects. By contrast, recently developed single-molecule methods enable study of individual complexes, bypassing the need for a homogenous population of identical complexes 26 . We measured single-molecule fluorescence resonance energy transfer (smFRET) to characterize the conformation of doublefluorophore-labeled Syt3 C2 domains in solution, in the presence of Ca 2+ and in the presence or absence of SNARE core complex. The SNARE core complex represents the cis (postfusion) state, which to our knowledge has been used for all biophysical and biochemical studies to date, as substantial technological advances will be needed to study interactions with the trans (pre-fusion) state. Still, interactions with the cis state are likely related to interactions with the trans state, though possibly with somewhat different affinities and kinetics.
We tethered individual double-fluorophore-labeled Syt3 molecules to a surface ( Fig. 3a and Supplementary Fig. 5 ) and measured their smFRET efficiencies with and without Ca 2+ (Fig. 3b) . The corresponding smFRET efficiency distributions were very similar and showed a broad peak, with the maximum at 0.13-0.17 and a tail toward higher FRET states (Fig. 3b) . The broad character of the distributions suggests multiple conformations, most of which are different from those observed in the available crystal structures of Syt3 (see arrows in Fig. 3b) . To estimate the range of conformations consistent with the observed smFRET efficiency distribution, we performed a reducedvariable molecular dynamics simulation of the isolated C2A-C2B In addition to structural similarities between the Semliki Forest virus fusion loops and the membrane interacting loops of rhesus rotavirus VP5, these loops also share sequence homology 22 . The fusion and cell-entry mechanisms of nonenveloped rotavirus are not fully understood; however, they are able to mediate cell-cell fusion in vitro 47 . a r t i c l e s fragment. The calculated FRET efficiency distribution is also broad, with a pronounced maximum at 0.1 (Fig. 3c) . Considering that the calculated distribution is free of noise , the two distributions share the properties of a single major maximum at low FRET efficiency and a long tail toward higher-FRET-efficiency states. However, the lower value of the FRET efficiency maximum and the presence of a small high-FRET peak in the simulation suggest that Syt3 adopts fewer 'extended' and 'compact' conformations in solution (compare Figs. 1c  and 3a) . We note that, as a result of the time resolution of the smFRET experiment (100 ms), the observed smFRET efficiency states of the individual molecules could themselves represent fast motional averages. Most of the observed states are stable on the second time scale (Fig. 4) , whereas some molecules show very dynamic behavior (Fig. 4b,  right column) . Thus, the Syt3 C2 domains undergo large fluctuations in solution, with a complex dynamic behavior. Uncomplexed Syt1 has very similar conformational dynamics 18, 27 .
SNARE complex interaction changes Syt3 dynamics
Interaction with SNARE complex markedly affects the Syt3 smFRET distribution by inducing a high-FRET population in both the absence and presence of Ca 2+ , with the effect being more pronounced in the presence of Ca 2+ (Fig. 5) . The observed effect of adding Ca 2+ to Syt3 in the presence of SNARE complex (Fig. 5c) is larger than that of adding Ca 2+ to Syt3 only (Fig. 3b) , illustrating that the effect of SNARE complex and Ca 2+ on Syt3 is not simply additive, but rather the presence of SNARE complex enhances the influence of Ca 2+ on Syt3. At higher ionic strength, the effects are similar ( Supplementary  Fig. 6 ). The effect is specific to SNARE, as interactions with liposomes containing anionic lipid (Supplementary Fig. 2b ), although they induce a slight shift toward higher FRET states in the presence of Ca 2+ , do not induce the high-FRET states induced by the SNARE complex ( Fig. 5b and Supplementary Fig. 5c, right) . The ratio of lowand high-smFRET populations in the presence of SNARE complex remains relatively constant, even at high SNARE-to-Syt3 molar ratios (Supplementary Fig. 7 ). This bimodal character of the smFRET efficiency distribution can be explained by the presence of SNARE interactions with two distinct Syt3 conformations; however, a more complex kinetic scheme is also possible.
To characterize the interaction between Syt3 and minimal SNARE complex via another method, we performed biosensor experiments with Syt3 bound to the sensor ( Supplementary  Fig. 8 ). The sensorgrams show that the SNARE complex binds to Syt3 in both the presence and absence of Ca 2+ . The binding appears heterogeneous and suggests the presence of at least two Biotin-BSA Glass
Intensity (AU) Fig. 8b,d ), but the kinetics of the interaction is markedly different (Supplementary Fig. 8a,c) , with Syt3 binding more SNARE complex in the presence of Ca 2+ . The biosensor data are consistent with the observed smFRET distributions (Fig. 5) , suggesting a complex dynamic system that does not conform to a simple kinetic binding model. At higher ionic strength, the affinities of the two binding modes in the presence of Ca 2+ decrease ( Supplementary Fig. 8e,f) , again consistent with the pulldown (Supplementary Fig. 1c ) and single-molecule smFRET data (Supplementary Fig. 6 ).
Determination of conformations with high-FRET state
To determine which conformations are consistent with the experimentally observed high-FRET state at 0.8, we carried out an exhaustive molecular dynamics simulation with pseudoatoms at positions 410 and 554 constrained to the observed FRET-derived distance of 44.1 Å (Supplementary Fig. 9 and Online Methods). There is some variation among the sampled conformations, but they all have features similar to those of the SNARE-induced Ca 2+ -bound crystal structure of Syt3. The relative orientation of C2A and C2B is similar, the Ca 2+ -binding loops are on the same side of the molecule, and the linker samples conformations that would allow it to reach the membrane surface when the Ca 2+ -binding loops bind to the membrane. We conclude that the conformation of Syt3 observed in the SNAREinduced Ca 2+ -bound crystal structure (Fig. 1a) is a good representation of the high-FRET-efficiency state induced by the SNARE-Syt3 interaction in solution.
DISCUSSION
Members of the synaptotagmin family are the Ca 2+ sensor for fast synchronous neurotransmitter release 4 . Together with SNAREs and other auxiliary proteins, synaptotagmins trigger fusion of synaptic vesicles with the active zone in the presynaptic terminal upon Ca 2+ influx. Despite a large body of physiologic, genetic, biochemical and structural data, the molecular mechanism of this highly regulated fusion machinery is still unknown. In part, this is a result of the dynamic nature of the protein-protein (Figs. 3b, 4 and 5) and protein-lipid interactions (Supplementary Fig. 2b ) involved and the sparseness of the available structural information about these interactions. This work provides fundamental insights into the dynamics of synaptotagmin and how its conformations are influenced by interaction with SNARE complex.
Synergism between synaptotagmins and SNARE complex
The interaction of synaptotagmins and SNARE complexes is synergistic. Syt1 stabilizes the binary (syntaxin-SNAP-25) complex by elimination of partially assembled states of the binary complex, setting the stage for efficient formation of the trans SNARE complex 28 . Conversely, interaction of Syt3 with the SNARE helix bundle dramatically affects the dynamics of Syt3 by amplifying the high-FRET conformation of Syt3 (Fig. 5) that is similar to those of viral fusion loops (Fig. 2) . Ca 2+ binding to Syt3 further stabilizes the interaction with the SNARE complex ( Supplementary Figs. 1c and 8 ) and the SNARE's effect on Syt3 dynamics (Fig. 5b) .
Conservation of synaptotagmin function
Syt3 C2AB domains can adopt various conformations relative to one another, none of them particularly stable (Figs. 3b and 4) . We have observed similar behavior for Syt1, and the interaction with SNARE complex enhances a particular C2AB conformation for both Syt3 ( Fig. 5 and Supplementary Fig. 9 ) and Syt1 (ref. 18) . Although the exact orientations of the β-sheets of the C2AB domains are somewhat different between SNARE-bound Syt3 and Syt1, the spatial arrangements of their Ca 2+ -binding loops are similar to each other ( Supplementary  Fig. 10 ) and to those of fusion and membrane-interacting loops of viral fusion proteins (Fig. 2) . The structural similarities between Syt1 and Syt3 and their interactions with the SNARE complex presented here, together with the published characterization of multiple Ca 2+ -responsive synaptotagmin isoforms 13 , suggest a conserved mechanism by which SNARE interactions with Ca 2+ -responsive synaptotagmins catalyze Ca 2+ -triggered vesicle fusion.
A general model of the SNARE-synaptotagmin fusion machine
We propose a general model that begins with a SNARE-induced stalk state (Fig. 6a) . There is a general notion in the recent literature that the neuronal SNARE-induced membrane juxtaposition may not proceed to full fusion by the clamping action of complexin 29, 30 or by the 2+ . In order to quantify the increase in the high-FRET population in a-c, we have fitted the FRET efficiency histograms to the sum of two Gaussian distributions. This fitting method is based on the observation that a smFRET distribution arising from a single state can be approximated by a Gaussian distribution. We chose the minimum number of states (two) that are required to fit the observed smFRET distributions. In the absence of Ca 2+ and SNARE complex (a, black line), the area of the high-FRET population is 12%. The increases over this background of the high-FRET state are: 10% for Ca 2+ only (b, red line), 14% for SNARE complex only (a, green line) and 36% for SNARE complex plus Ca 2+ (b, blue line). a r t i c l e s intrinsic properties of the SNARE complex 31 . Although it is possible that membranes do not interact at this SNARE-induced state, it is likely that a membrane stalk has formed based on three arguments. First, in reconstituted assays of biological fusion, lipid mixing readily occurs before content mixing [32] [33] [34] . Second, Monte Carlo simulations of membrane fusion suggest that the free energy required for stalk formation is lower than that to proceed to full fusion 35, 36 . Third, SNAREs can induce a stable hemifused state 37 .
In our model, we therefore assumed that a membrane stalk had formed (Fig. 6a) , although this is not absolutely necessary for the proposed role of synaptotagmin in our model. Thus, trans SNARE complex would recruit synaptotagmins to the stalk and amplify the conformation of synaptotagmin with Ca 2+ -binding loops of both C2 domains positioned in the vicinity of the same membrane (but yet not penetrating it; Fig. 6a ). Also shown are uncomplexed synaptotagmins whose C2 domains undergo large fluctuations. Upon Ca 2+ influx, the high-FRET conformation of complexed synaptotagmins is further enhanced (Fig. 5b) , and their Ca 2+ -binding loops insert into the membrane (Fig. 6b) . Simultaneously, the synaptotagmin-SNARE interaction is strengthened ( Supplementary  Figs. 1c and 8) , releasing the complexin 'clamp' 29, 30 and/or SNARE complex assembly 'brake' 31 , leading to full zippering of the SNARE complex. The transition from the hemifused stalk to the fusion pore could be helped by this additional zippering of the SNARE complex.
In concert, the interaction of the synaptotagmin Ca 2+ -binding loops with either the plasma membrane or synaptic vesicle membrane, in the conformation analogous to the postfusion conformation of viral fusion loops (Fig. 2) , may perturb membrane regions near the stalk (Fig. 6b) . Indeed, based on computer simulations, regions close to the stalk are critical for stalk-fusion pore transitions 35 . Computer simulations suggest that fusion can proceed via the formation of small holes in semi-stable hemifusion stalk intermediate states via different pathways 35, [38] [39] [40] . However, regardless of the pathway, additional energy is required, and both computer simulations and experiments suggest that the amount of energy, and therefore the probability of fusion, depends on the properties of the lipids that comprise the stalk 39, 41, 42 . Ca 2+ -mediated insertion of synaptotagmin's Ca 2+ -binding loops into the bilayer along with zippering of SNAREs transmembane helices change local lipid structure, possibly forcing lipid fatty-acid chains to change the volume they occupy and/or their curvature preference [43] [44] [45] , thus lowering the energy barrier for stalk-fusion pore transition.
Model fusion systems, in the absence of fusion proteins, suggest that bringing two membranes in close proximity of one another is sufficient for content mixing, albeit with lower efficiency than lipid mixing 32 . Furthermore, in eukaryotic membranes where fusion proteins are used, bringing membranes into close proximity is not necessarily sufficient. For example, mutations in viral fusion loops, along with replacement of transmembrane helices with GPI linkers, block fusion 24, 25, 46 . Therefore, we propose that the combined effect of perturbations in the stalk regions, caused by insertion of synaptotagmin's Ca 2+ -binding loops into the membrane, and the simultaneous zippering of SNARE transmembrane helices triggers fusion. 
METHODS
Methods
ONLINE METHODS
Protein expression and purification. For crystallization, we used the C2AB fragment of Syt3 from Rattus norvegicus (residues 292-587), and for singlemolecule FRET experiments, we used residues 232-588, C298H Q410C C438S C523S C533V N554C. For SNARE complexes, we used the minimal SNARE core complex (synaptobrevin , syntaxin , SNAP-25 and SNAP25 ) and the more extended SNARE complex (synaptobrevin , syntaxin , SNAP-25 1-83 and SNAP-25 ). We expressed and purified all constructs using standard methods (for details, see Supplementary Methods).
Crystallization, data collection and refinement. We grew crystals of the C2AB fragment of Syt3 by the hanging-drop method at 4 °C using a 1:1 molar ratio of C2AB with the extended SNARE complex 48 at a total protein concentration of 12-15 mg ml −1 and a precipitant solution containing 50 mM MES, pH 5.4, 17% (v/v) 2-methyl-2,4-pentanediol, 50 mM CaCl 2 , 100 mM NaCl. Bipyramidshaped crystals appeared after a few days and were 150 µm × 150 µm × 50 µm. We achieved cryoprotection by stepwise transfer of crystals into mother liquor supplemented with 25-60% (v/v) 2-methyl-2,4-pentanediol. We collected diffraction data at the Lawrence Berkeley National Laboratory ALS on beamline 5.0.2. The crystals belong to the space group P4 1 2 1 2 with unit cell dimensions a = 205.7 Å, b = 205.7 Å, c = 143.1 Å ( Table 1) . We processed all data with DENZO and SCALEPACK 49 . Based on the Matthews coefficient, we expected six C2AB molecules to be present in the asymmetric unit. However, only three C2AB molecules form the crystal lattice, resulting in a very high solvent content (~84%) of the crystals (Supplementary Fig. 4 ). For details of the molecular replacement, see Supplementary Methods.
Alternate cycles of manual model building using the program Coot 50 and positional, B-factor, simulated annealing and TLS refinements with the programs CNS 1.2 (ref. 51 ) and PHENIX 52 , and addition of ions, reduced the R and R free values to 22.9% and 25.5%, respectively, for all observed reflections ( Table 1) . We used tight NCS restraints in the refinement as appropriate for a structure solved at 3.5-Å resolution. Release of the NCS restraints did not lead to any improvement in R free and did not result in any significant deviations from NCS mates.
Single-molecule FRET data collection and analysis. We collected singlemolecule FRET (smFRET) data with a prism-based total internal reflection (TIR) fluorescence microscope. We used colocalized Alexa555/Cy3 as well as Alexa647/Cy5 emission spots to calculate the FRET efficiency. We used an alternating laser illumination sequence to determine the number of acceptors per single spot and whether photobleaching occurred. We analyzed only traces containing a single acceptor and single donor, as judged by the fluorescence intensity (examples are in Figs. 3a and 4) . For details, see Supplementary Methods. Syt3-SNARE interactions studies by biolayer interferometry. We studied the SNARE-Syt3 interaction in the absence and presence of Ca 2+ using Octet Red (ForteBio, Inc.) equipped with a streptavidin SA biosensors (ForteBio, Inc.). For details, see Supplementary Methods. Simulation of dye positions and expected FRET efficiencies. For the calculation of FRET efficiency-derived distances, we built atomic models of the Alexa555 and Cy3 as well as Alexa647 and Cy5 fluorophores attached by malemide linkers to the mutated cysteine residues of Syt3 (Q410C and N554C). Although chemical structures of Alexa555 are not available, we were able to obtain the linker structures of Alexa555 from Invitrogen. Considering the similar molecular structure of the Alexa647 dye and the identical linkers of the Cy3, Cy5, Alexa647 and Alexa555 dyes, we used the known structures of Cy3 and Cy5 dyes for all simulations (Supplementary Fig. 11 ). We performed 500 trials of torsion angle molecular dynamics using CNS 51 version 1.3, where we fixed the coordinates of Syt3 in either the SNARE-induced Ca 2+ -bound or Ca 2+ -free conformation and allowed the attached fluorophores and their linkers to freely rotate and to change their conformation 53 . We used a repulsive force field without electrostatics and solvent 54 . For details, see Supplementary Methods. Molecular dynamics simulation of conformations of Syt3. We performed extensive (2 ns) reduced-variable molecular dynamics of the C2A-C2B fragment of Syt3, with the two C2 domains treated as rigid bodies (residues 295-421 and 431-569, respectively), while keeping the torsion angles of the linker (residues 422-430) connecting the two domains variable. We rigidly associated pseudoatoms (simulated points that are treated similar to 'physical atoms' in the molecular dynamics calculation but that only feel forces associated with distance restraints (see below), not any forces from the empirical energy function) with the C2 domains at the labeled residue positions 410 and 554. We chose the positions of these pseudoatoms as the average positions of fluorophore centers (in other words, the average positions of the corresponding CAO atoms (Supplementary Fig. 11) ) from two separate simulations with the fluorophore attached to one of the two labeling sites (using the same molecular dynamics protocol described in the previous section). We included only repulsive van der Waals energy terms in the simulation 54 . We performed the simulations in vacuum for 2 ns with a timestep of 0.005 ps at 300 K. We converted the distances between the pseudoatoms during the simulation into FRET efficiencies using a Förster radius (R 0 ) of 55.5 Å (ref. 18 ) and plotted them as a histogram (Fig. 3c) . This was not meant to be a realistic simulation, which would require inclusion of solvent and electrostatics, but rather to provide information about the range of possible conformations of Syt3.
Molecular dynamics simulation of the high-FRET conformation of Syt3. We performed reduced-variable molecular dynamics of the C2A-C2B fragment of Syt3 (as described above), but with a distance restraint of 44.1 Å between the pseudoatoms at positions 410 and 554 (corresponding to the dye labeling sites used for smFRET). We derived this distance from the observed smFRET efficiency value of the high-FRET state (0.8), using a Förster radius of 55.5 Å (ref. 18 ). The distance restraint consisted of a harmonic square well-potential function restraining the distance between the pseudoatoms to 44.1 ± 0.1 Å (ref. 55 ). We added this distance restraint function to the repulsive van der Waals energy terms 54 and we set the energy constant of the restraint term to 50 kcal mol −1 Å −2 . The resulting ensemble of structures is shown in Supplementary Figure 9 .
